This article studies the propagation of light in asymmetric Cantor set fractal multi-layered structures. We show that well designed Cantor set structures can lead to broadband high reectivity over a large wavelength range but, by adding asymmetries to the Cantor set, it is possible to control the reectivity from 100% to nearly 0%.
Introduction
The word fractal is derived from the latin word fractus , meaning broken.
In more scientic terms, fractal is used to describe geometries that present selfsimilar patterns, such as the small patterns are replicas of the large ones [1] . Fractal theory is applied to a wide range of areas including chemistry, biology, physics and engineering. In electromagnetics, fractals have been used to produce antennas [2] , optical devices [35] and nanoparticles [6] .
In particular, one-dimensional structures such as the Cantor set can be easily constructed and has been used to create broadband devices and enhancing nonlinear effects. The Cantor set has a Hausdor dimension of log (2)/log (3) [1] . A standard Cantor set is created by initially removing the middle third of a segment, creating a Cantor set of order 1. The next order is obtained by removing the middle third of the rst and third remaining segments the procedure could be, in principle, repeated at exhaustion.
On the other hand, photonic crystals have been used in a wide variety of applications in ltering, sensors, lasers and multiplexing [717] . Photonic crystals are periodic structures of high refractive index contrast (e.g. GaAs and air): in a certain wavelength range (photonic bandgap region), light cannot propagate through the structure. In addition to producing reectors that are used in lasers [10] and optical lters, defects introduced in the photonic crystal lattice can be used to create microcavities and waveguides. In fact, photonic crystal waveguides can exhibit very interesting properties such as very low group velocities.
In this paper, we analyze one-dimensional photonic crystal structures that are based on the Cantor set structures: we modify the traditional Cantor set structure by adding asymmetries in the formation of the Cantor set and study the reectivity properties of these photonic * e-mail: abdul.khaleque@student.adfa.edu.au Fig. 1c) . 
can propagate in this structure. The electric eld is considered in the y-direction and x−z plane for TE mode and TM mode, respectively. For the i-th layer, the electric eld can be expressed as [18] :
where A i and B i are incident and reected eld ampli-
l k and k ix = (2π/λ)n i cos θ i (λ is the free space wavelength and θ i is the angle between the direction of propagation of the plane wave in the i-th layer and the x-axis).
In this structure, the input and output waves relationship are given by [18] :
where
In case of l-th layer, D l matrix elements can be expressed as
For the l-th layer, the propagation matrix P l is given by [18] :
with ϕ l = k lx l l .
As it is possible to determine matrix M according to the procedure previously described, the reectivity R can be expressed as [19] :
3. Results and discussions • shows identical results (shown in Fig. 2c) as for TE mode with θ 1 = 10
• (as shown in Fig. 2b ) but the amount of reection is slightly greater for s = 1.0 (black curve) and s = 0.8 (blue curve). Therefore, the bandgap shifted to shorter wavelengths and is narrower. The maximum normalized electric eld value (4.0) is observed with asymmetries (s = 0.6) which is double than the value obtained from structure without asymmetries.
The electric eld is highly localized in a very small region for s = 0.6 and θ 1 = 0
• . Now, if we replace the air layers by semiconductor layers (e.g. In 0.2 Ga 0.8 As), the reectivity will be signicantly reduced to get similar values of reectivity, a structure with many layers would be needed (for example, ber Bragg gratings with low contrast need hundreds of periods to achieve high reectivity).
Conclusions
In summary, asymmetric Cantor set structure based one-dimensional photonic bandgap structure is studied.
It is shown that adding asymmetry in the original photonic crystal structure could tune not only the reectivity properties of photonic crystal but also enhance the electric eld. On the other hand, 2nd order Cantor set based photonic bandgap structure is not sensitive with the angular tilting of the incidence wave as the 1st order.
The highest electric eld is obtained for 1st order and s = 0.6, the wave is highly localized for 2nd order Cantor set structure. Therefore, these structures can operate over larger bandwidth when compared with a classic Bragg structure with the same number of layers. It may also be more tolerant to fabrication uncertainties when compared with a Bragg structure (multiple layers that have thickness of a quarter wavelength).
